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As average global temperatures continue to rise, governments will increasingly rely on groundwater as a meaningful source to sustain their populations and meet society’s water demands during tumultuous periods as in times of drought or natural disaster (Famiglietti et al., 2014). In fact, climate change is projected to affect the recharge rates of both groundwater and surface waters in the American Southwest (SW) especially, which would make water resources a more valuable commodity in the future than governments and their populations realize, and this, along with other considerations, threatens peace and prosperity among and between neighboring countries (Ajami, et al., 2017). In their study, researchers found the SW would suffer the lowest recharge rate (27 mm per year) of any region in the US (Ajami et al, 2017). Another study demonstrates the fragility of groundwater resources in the SW, where precipitation events greatly impact groundwater recharge, but whether recharge dependence on precipitation is due to climate change or climate-scale variability remains unknown (Behrangi, Famiglietti, Thomas, 2016). With this in mind, the need to survey and evaluate groundwater resources in the SW is doubly important, since it is such a critical resource. In its Draft articles on the Law of Transboundary Aquifers, the United nations (UN) defines “aquifer” as “a permeable water-bearing geological formation underlain by a less permeable layer and the water contained in the saturated zone of the formation,” and a “transboundary aquifer” is “an aquifer or aquifer system, parts of which are situated in different States,” or nations (United Nations, 2008). Of the multitudinous transboundary aquifers identified—estimated in the hundreds—fewer than 10 are governed by a management agreement between participating states or nations (Walton, 2016).
The SPRTA is a recently studied aquifer thanks to its priority status under the Transboundary Aquifer Assessment Act (TAAA), and it is located in the SW region (Appendix), where recharge under differential levels of precipitation and other shifting climatic conditions poses a risk in the future. The International Boundary and Water Commission (IBWC) published the San Pedro River Aquifer Binational Report in early 2016, a collaborative effort between the US and Mexican federal governments that studied the SPRTA. In addition to the significance this report means for groundwater research in the SW, it is also an exercise in international cooperation of non-navigable waters between neighboring countries. Groundwater in the SPRTA is shared between Cochise Co. in the US state of AZ and the Mexican municipalities of Naco and Cananea in the state of Sonora. Cities located within Cochise Co. and Sonora utilize groundwater for different purposes. According to groundwater use data from the US Geological Survey (USGS) from 2010, about 90.07% of daily groundwater withdrawal in Cochise Co. is used for irrigation purposes, while most groundwater withdrawal in Sonora is for “industrial (the Cananea mine), and public-urban” supplies to communities throughout the Mexican state (Callegary, et al., 2016). The use of groundwater for industrial purposes has the potential to contaminate the aquifer and also cause an overdraft of the aquifer, and this could adversely impact populations in both countries.
The binational report revealed discrepancies in database management between the US and Mexican researchers and water managers as well as a lack of understanding of an aquifer system by the UN.Is the priority status of the SPRTA under the TAAA a meaningful designation, or would other aquifers serving larger populations benefit from priority status? It merits the appointment, given the documented occurrences of land subsidence and earth fissures in many AZ counties, including Cochise Co.
The following study explores the literature concerning water rights in international (between federal governments of US and Mexico) and national (between US federal government and US states) contexts, studies and principles related to groundwater governance and management, and stakeholder engagement. This study comes at an important time in the US, when border security supersedes environmental laws and regulations in importance. This study is important for audiences that focus on groundwater overdraft and its consequences, water scarcity in the SW, and management practices of transboundary water systems between two national governments.
2.0 	Literature Review
This section provides greater insight on issues directly related to groundwater, transboundary aquifers, and the SPRTA in particular. The literature review explores 3 important topics related to the SPRTA: section 2.1 international law and the transboundary nature of aquifers, section 2.2 groundwater governance and management, and section 2.3 stakeholder engagement. Section 2.1 provides both a broad understanding of the transboundary nature of an aquifer in an international context and criteria by which to evaluate additional transboundary aquifers in the SW for priority status. Section 2.2 includes nuanced discussion of the SPRTA, including management practices and challenges in groundwater governance. Section 2.3 discusses case studies on stakeholder engagement using active management areas and the Upper San Pedro Partnership (USPP) as examples, and those stakeholders with greatest legitimacy related to the SPRTA are mentioned and discussed.
2.1	International Law & The Transboundary Nature of an Aquifer
Law and governance of international waters has a long history, but as previously mentioned, these concepts continue to evolve in the international realm on non-navigable waters, especially on groundwater within transboundary aquifers. This is doubly so for the United States and Mexican governments, which began the long process of surveying their transboundary aquifers in 2006, of which 36 are estimated to exist (Sanchez, Lopez, & Eckstein, 2016). Discrepancies between the physical elements and cultural temperament arise in law and governance on the transboundary nature of aquifers and to whom groundwater is allocated first. These concerns may determine how groundwater is managed binationally and even internationally.
The transboundary nature of an aquifer continues to be a point of contention in the literature. In particular, an aquifer’s transboundary nature is determined by its geologic extent and hydrologic elements but also as a function of its surroundings in “political, social, economic, institutional, historical, cultural, legal,” and other lenses (Sanchez & Eckstein, 2017). According to the authors, “transboundariness” is understood as each aquifer being “singular and is dependent on its context” (Sanchez & Eckstein, 2017). In the context of US-Mexican transboundary aquifers, seven criteria are developed to assess an aquifer’s transboundary nature; the first three were developed in the literature previously, while the authors offer seven new criteria. They are: (1) population size, (2) extent of user’s dependence on groundwater, (3) water quality and quantity challenges, (4) data and research availability, (5) recognition of aquifer’s transboundary nature by some or all relevant national governments and international institutions, (6) water-related cooperation efforts at binational, regional, or local levels, and (7) external pressures that could impact the local, regional, and/or binational agenda (Sanchez & Eckstein, 2017). The researchers also favor more localized management of transboundary aquifers in response to its “transboundariness” (Sanchez & Eckstein, 2017). It is not only the operational definition of “transboundary” that is an issue but also of aquifer.
In contrast to the transboundary nature approach, other authors in the literature have brought attention to the varying terms used to refer to “aquifer” and its definition. For example, the 1997 UN Convention on the Law of the Non-navigational Uses of International Watercourses defines watercourse as a “system of surface waters and groundwaters constituting by virtue of their physical relationship a unitary whole and normally flowing into a common terminus” (United Nations, 1997). One could also liken a transboundary aquifer to an international watercourse, which is defined as “a watercourse, parts of which are situated in different States” (United Nations, 1997). However, these terms are inadequate in describing hydrologic principles and organizations unique to certain countries or regions of the world. For that reason, Giordano et al. accept the hydrologic definition of an aquifer, basin, or watercourse, but they view “transboundariness” in the context of water management and political and basin boundaries (Giordano, Suhardiman, & Peterson-Perlman, 2015). The authors seek to answer whether their definition of “basin” is too narrow or broad through a series of case studies. The cases highlight a contradiction “between theory and practice in transboundary water management” that results from “reliance on strict hydrologic definitions and precise mapping” (Giordano, Suhardiman, & Peterson-Perlman, 2015). For example, the authors see the concept of basin scale as a “forum where stakeholders can engage in the overall shaping of transboundary water outcomes,” and they thus support reevaluating basin scale to include how the concept is understood and used by different stakeholders (Giordano, Suhardiman, & Peterson-Perlman, 2015).
However ubiquitous these definitions may be of either “transboundary,” “aquifer,” or related term, their operational definitions codified into law at the local, state, federal, national, and/or international level(s) of government are key to this study. For the SPRTA, these terms are codified in the United States-Mexico Transboundary Aquifer Assessment Act of 2006. The Act defines aquifer as a “subsurface water-bearing geologic formation from which significant quantities of water may be extracted,” and it refers to transboundary aquifer as one “that underlies the boundary between a Participating State and Mexico;” states participating in this program are AZ, New Mexico (NM), and Texas (TX) (United States Congress, 2006). The act also designates a group of transboundary aquifers “priority” for study and analysis (United States Congress, 2006). “Priority” is determined based on: (i) the proximity of a proposed priority transboundary aquifer to areas of high population density, (ii) the extent to which a proposed priority transboundary aquifer would be used, (iii) the susceptibility of a proposed priority transboundary aquifer to contamination, and (iv) any other relevant criteria, such as weather forecast and natural events (United States Congress, 2006). The act outlines the parameters for binational cooperation between the IBWC, both national governments, and their respective agencies and research institutions.
It is also important to note regulations governing groundwater in the three US states. The AZ Groundwater Management Act of 1980 aims to fulfill three specific objectives: (1) control severe overdraft occurring in many parts of the state; (2) allocate state’s limited groundwater resources to most effectively meet changing needs of the state; (3) augment state’s groundwater through water supply development (Arizona Department of Water Resources). These objectives are met through three specified levels of water management responding to different groundwater conditions (Arizona Department of Water Resources). Additionally, the 1980 law covers the five, mostly urban active management areas (AMAs), of which 4 are expected to reach “safe yield” by 2025; AMAs and safe yield are explored later in this study (Arizona Department of Water Resources, 2016).
In NM, issues related to groundwater are regulated by the Ground Water Quality Bureau, whose main objectives include issuing pollution prevention permits and overseeing groundwater investigation and remediation activities (New Mexico Ground Water Quality Bureau, 2018). Moreover, the State Engineer “assumes jurisdiction over the appropriation and use of groundwater from the source,” where groundwater basins have been declared (New Mexico Office of the State Engineer, 2018). These declared basins are areas of NM determined “to be underlying by a groundwater source” with reasonably discerned boundaries (New Mexico Office of the State Engineer, 2018). In TX, the state Water Development Board actively oversee 16 Groundwater Management Areas (GMAs), which were created to conserve, preserve, protect, recharge, and prevent the waste of groundwater and prevent land subsidence as a result of overdraft (Texas Water Development Board, 2018). However, the Water Development Board is not responsible for groundwater outside of these GMAs, which limits input on groundwater management issues to those 16 GMAs (Texas Water Development Board, 2018). In general, TX has a “rule of capture,” which allows landowners to pump as much water as they wish “without liability to surrounding landowners who  might claim that the pumping has depleted their wells” (2018).
In their study on groundwater management between Texas and Mexico, researchers implemented the “transboundariness” approach, by which the region’s economic and political contexts, groundwater dependency, and water quality were analyzed, and it highlighted the priority status of aquifers like the Mesilla aquifer due to susceptibility of groundwater contamination (Rodriguez, Sanchez, & Tortajada, 2018).
The federal government does not necessarily play a significant role in groundwater management at this time, though the Senate Committee on Environment and Public Works held a meeting this year exploring the appropriate roles of the federal and state governments in regulating groundwater (2018). However, groundwater, under observation by the USEPA, is regulated where contamination from groundwater sources affect surface, navigable waters across US states (Gobert). As such, the federally recognized National Forest Service (NFS) has taken steps to regulate the quality and quantity of groundwater on federally managed public lands, of which most are located west of the Mississippi (Webb, 2016). With this policy change and the US Senate Committee’s recent hearing, there is a clear disconnect in groundwater management between states and the federal government, which gives credence to fragmented governance of groundwater resources across the country.
2.2	Groundwater Governance & Management
It nonetheless joins a range of legislation on water governance within and among US border states and the US and Mexican federal governments. Each piece of legislation carries its own goals and operational definitions of relevant terms, such as “aquifer” and “transboundary aquifer.” However, these and other terms invariably contribute to a “multiplicity of legal regimes and jurisdictions” that serves as “one of the most vexing challenges to the development of robust bi-national cooperation” (Eckstein, 2011). To improve such cooperation, Eckstein offers two points towards which both government should work, which are: (1) pursuing aquifer-specific arrangements rather than a single border-wide agreement, and (2) emphasizing procedural cooperative mechanisms over a determination of substantive rights and allocations (Eckstein, 2011). Aquifer-specific arrangements would complement the unique vegetation surrounding each transboundary aquifer, and they would also help researchers better inform policymakers on the uses of each aquifer. Obstacles to effective cooperation include the governance regimes in place in each country; water authority in Mexico is centralized, where the federal government is responsible for regulating “all aspects of surface and ground water resources,” and it is decentralized in the US, where each individual state manages its own water resources (Eckstein, 2011). Therefore, groundwater in the SPRTA is governed by state law on the AZ side, which considers factors like well location, amount of water used, purpose of withdrawal, and probability the withdrawal could be wasteful (Eckstein, 2011). The majority of cooperation of shared aquifers between the US and Mexico have occurred under the 1944 Water Treaty, which establishes a hierarchy of water use with domestic and municipal uses as the most important followed by agricultural and uses related to power generation, and the treaty also establishes the IBWC as the main arbiter for any conflicts that arise between governments at any level (Carter, Mulligan, & Seelke, 2017). However, the treaty had only established allotment for specific quantities of water without considering the environmental impact of this management strategy or mentioning water quality in the final draft (Carter, Mulligan, & Seelke, 2017). The authors’ mention of stakeholder perspectives will be discussed later in a broader review of stakeholder engagement.
While the United States-Mexico Transboundary Aquifer Assessment Act (TAAP) is the federal recognition of a binational agreement, it joins the list of a number of incomplete pieces of legislation on transboundary surface and ground waters. This 2006 act resembles the Water Treaty in its omission of relevant concepts; the treaty failed to legislate on water quality, and the act vaguely defines “priority” status without considering hydrologic terms or geologic consequences related to overdraft of groundwater resources. These words have also been operationalized by international institutions despite continued debate in the literature over the definition of “aquifer” and its transboundary nature. Ideas exist to streamline operationalized terms like the recommendations proposed by Eckstein to improve binational cooperation (Eckstein, 2011). Deeper understanding of issues related to the SPRTA as a priority transboundary aquifer can be attained by comparing groundwater governance and management in AZ to other US states.
A group of researchers led by Sharon Megdal seeks to draw commonalities among all US states. The authors surveyed officials of agencies from all 50 states on groundwater governance and management, and they characterized US groundwater governance as fragmented and based on incomplete legal frameworks. They define fragmented as “multiple governmental agencies at different levels [that] may have authority over a particular facet of groundwater without a mandate to protect the entire resource” (Megdal, Gerlak, Varady, & Huang, 2014). This, in turn, could result in limited planning, duplicative regulation, and ignored cumulative impacts, but “fragmented authority over a common-pool resource” can also benefit a state (Megdal, Gerlak, Varady, & Huang, 2014). It forces departments survey of and stakeholders to interact “among government agencies at the same level” and “among different tiers of government to coordinate and sometimes contest governance” (Megdal, Gerlak, Varady, & Huang, 2014). The researchers claim this friction between fragmented and centralized authority is necessary to finding the appropriate balance between the two types. On incomplete legal frameworks, their survey identified two artificial distinctions between surface and groundwater and between groundwater quality and quantity, and these distinctions, they claim, highlight the evolution of law and hydrology in isolation and opposition of on another (Megdal, Gerlak, Varady, & Huang, 2014). The study also points out that groundwater laws at the state level often carve out the majority of groundwater use for sectors related to consumption (agriculture, industry, domestic supply) as opposed to the environment (Megdal, Gerlak, Varady, & Huang, 2014). Due to these issues in groundwater governance shared among all US states, it would be fair to look at attitudes and principles related to adaptive water governance and groundwater resources.
To assess the impact of stress and change on groundwater resources, Kirchhoff and Dilling use five US states as case studies to compare their governance regimes to adaptive water governance (AWG) and integrated water resources management (IWRM) (Kirchhoff & Dilling, 2016). The AWG consists five principles based on a breadth of literature, which are: knowledge, flexible, policy learning, multilevel interactions, collaboration and deliberation, clear boundaries or rules, and nonstationarity. Flexible, policy learning is defined as “ongoing mechanisms and processes to integrate new knowledge into policy and decision-making” and “responsive to changing conditions in the natural and social environment” (Kirchhoff & Dilling, 2016). Also, their descriptions of each state’s institutional arrangements compliment the discussion of fragmented authority and incomplete legal frameworks by Gerlak et al. These arrangements refer to two frameworks; the regulatory framework on authority for water allocation and planning resembles the generally fragmented authority of the US, where authority is decentralized, and the organizational frameworks on who is involved in allocation and planning (i.e., governmental, nongovernmental, public actors) and their respective roles resembles incomplete legal frameworks, where these different actors interact to influence and craft legislation, policies, and regulations related to environmental issues (Kirchhoff & Dilling, 2016). Researchers found institutional arrangements and their enabling conditions integral to states adopting AWG strategies in response to climate stress and change. Presence of statewide knowledge systems were found to enhance management of water resources at the regional, state, and local levels, and their absence was associated with “more crisis-driven” water management (Kirchhoff & Dilling, 2016).
Other researchers have published findings on water sustainability and adaptation to climate change by urban environments, Phoenix, AZ in particular. Synthesizing the research of boundary organization Decision Center for a Desert City (DCDC), the authors understand uncertainty as “created from divergent understandings of systems and their dynamics, different values and priorities, and relationships between diverse actors and perceptions” (Larson, White, Gober, & Wutich, 2015). The purpose of the DCDC and other boundary organizations is “to facilitate the use of science and research in decision-making by providing mechanisms for communicating and interacting across these distinctive societal realms” (Larson, White, Gober, & Wutich, 2015). Systems and dynamics, which contribute to uncertainty in water management, resemble the fragmented authority described earlier whose solution is flexible policy learning at all levels of governance. The authors made three important observations about water sustainability and adaptation in Phoenix based on DCDC research. In their empirical research, they found sub-system interactions, tradeoffs and thresholds, and spatial and temporal dynamics key to decision-making in the face of uncertainty (Larson, White, Gober, & Wutich, 2015). They also found that uncertainty is increasing in complex human-environment interactions, such as zoning or release of novel chemical compound into the environment, and knowledge-action networks assist DCDC and other organizations integrate scientific research for policymakers in decision-making processes; the researchers agree that greater attention to social and political uncertainties is needed (Larson, White, Gober, & Wutich, 2015).
Other researchers have examined different variables in 22 cities in the American Southwest in order to propose new water conservation policies and programs amid climate change. This study examines issues related to implementing demand-reduction strategies, what institutional logics are associated with what political constituency, and hydrologic and social factors as explanations for demand-reduction strategies (Hess, et al., 2016). Based on the results to their study, 20 of the 22 surveyed cities favor new pipelines to deliver surface water; researchers determined “the emphasis remains on importation and on building storage capacity” (Hess, et al., 2016). An example of storage capacity in AZ are AMAs, which “limit and measure groundwater withdrawals, govern the expansion of irrigated agriculture, and require new development to have an assured supply of water for 100 years” (Hess, et al., 2016). The same study also found conflicts between different stakeholders; attempts to increase surface water importation by urban growth coalitions conflicts with rural, environmental, and consumer constituencies (Hess, et al., 2016). In order to overcome conflicting interests among different constituencies and stakeholders, other researchers observed the accommodation of institutional asymmetries.
Researchers assess the binational effort to characterize and study the SPRTA to better understand factors and challenges related to the binational study’s successes. According to this study, the TAAP defines priority transboundary aquifer as “used to a significant extent to serve population and economic centers and may be vulnerable to water quality risks” (Megdal & Scott, 2011). This adds greater context and understanding to the previous discussion of “priority transboundary aquifer.” One important insight from this study on stakeholder engagement and groundwater surveillance is the US Congress, in selecting priority aquifers for study, failed to consult with either Mexico or IBWC on which aquifers should be classified as priority, even though research of the SPRTA was conducted on both sides of the aquifer (Megdal & Scott, 2011). They identify three requirements contributing the establishment of the binational aquifer assessment: (1) framework for cooperation and collaboration, (2) set of research objectives and activities, and (3) a joint funding arrangement (Megdal & Scott, 2011). This, however, begs the question how the binational study was conducted under these three requirements; the US Congress failing to consult with either Mexico or the IBWC on which aquifer would be designated a “priority” demonstrates the absence of a framework for cooperation and collaboration between federal legislatures and boundary organizations (IBWC).
2.3	Stakeholder Engagement
The table below is included so that there is an item in the sample List of Tables. Through a case study on the Santa Cruz Active Management Area (SCAMA) bordering the SPRTA, other researchers study stakeholder engagement using a hydrological model. They describe the creation of AMAs “where groundwater pumping was leading to severe water level declines” and where 80% of AZ’s population happen to reside (Eden, Megdal, Shamir, Chief, & Lacroix, 2016). They also point out that AMAs were created without any specific protections for riparian ecosystems and also established Assured Water Supply rules on mandating developers to reveal water availability data for land on sale or lease (Eden, Megdal, Shamir, Chief, & Lacroix, 2016). In their identification and recruitment of stakeholders, researchers seek “broad participation among expert stakeholder interests” and creating an advisory committee that promoted co-production of knowledge between and among diverse constituencies (Eden, Megdal, Shamir, Chief, & Lacroix, 2016). Communication between stakeholders occurs through technical workshops, whose information and resources could be previewed by non-technical surrogates; hosts focus on avoiding scientific jargon for simple language and complex charts for self-explanatory graphics (Eden, Megdal, Shamir, Chief, & Lacroix, 2016). In their conclusion, the authors note that “stakeholders possessed context specific knowledge necessary for model analyses” and that scientists also played an integral role in educating and learning from stakeholders (Eden, Megdal, Shamir, Chief, & Lacroix, 2016). In a different survey, researchers observe stakeholder engagement through the Upper San Pedro Partnership (USPP) that are related to hydrological goals of sustainable yield, and they propose environmental needs alongside social and economic needs in this case study (Richter, Gungle, Lacher, Turner, & Bushman, 2014). Sustainable yield represents an improvement of the more common water management technique of safe yield (Richter, Gungle, Lacher, Turner, & Bushman, 2014). The USPP is comprised of stakeholders with governmental and non-governmental interests. The military base Fort Huachuca in Cochise Co. and the mining companies in Cananea, Mexico are the most important stakeholders related to the SPRTA, since they are the largest consumers of groundwater on their respective sides of the US-Mexico border and generate a great deal of economic activity (Browning-Aiken, et al., 2004). Additional stakeholders would be those businesses that help to drive economic growth, like large-scale agricultural operations and industries that help support both Fort Huachuca and mining operations in Cananea. Other researchers make an important point that shared knowledge of the SPRTA is difficult, since the region is the subject of major scientific and climatic variability (Browning-Aiken, et al., 2007). This variability is the result of different weather events, like monsoons, El Niño, and La Niña (Browning-Aiken, et al., 2007). Another important point made by Megdal is the stalled watershed commission initiated by the Mexican government to include cross-border stakeholders, which would be a meaningful contribution to overall stakeholder engagement (Megdal & Scott, 2011). The existence of such a commission would benefit not only the populations served by the SPRTA but also the overall environmental health of the region.
This review briefly discussed three subtopics related to transboundary aquifers and the SPRTA in particular. They were: (1) inconsistencies related to the operationalization of the transboundary nature of aquifer, (2) water governance and management, and (3) stakeholder engagement. Observations related to these subtopics will be handled in the next section.
2.4	Analysis
Three important issues related to the SPRTA have been reviewed, focusing on both general and specific knowledge of the issues. Figures 1-3 on groundwater demand (Figures 1-3) will help enhance this discussion in comparing demand by county.
The SPRTA—and other designated “priority” transboundary aquifers—represents the “fragmented” nature of groundwater governance in the US. Legislation is crafted at the local level based on rules and regulations established by state governments. Additional legislation on water governance can be crafted at the international level between an US state and another national government, which adds to the plurality of legal regimes governing a common resource like groundwater (Eckstein, 2011). The TAAA establishes the framework for binational cooperation in surveying transboundary aquifers, but it does not necessarily contribute to added legal regimes, since it does not require individual agreements from each US state. In fact, it represents the pursuit of “aquifer-specific arrangements” but also serves as a single border-wide agreement upon which to establish informed legislation in the future (Eckstein, 2011).
Fragmented authority increases legal frameworks that govern groundwater and respond to demand for this resource. The benefit of fragmented authority is the constant friction between different levels of government exercising their authority (Megdal, Gerlak, Varady, & Huang, 2014). As it relates to the SPRTA, this friction between state government regulation (AMAs) and national laws and treaties (TAAA) theoretically forces agencies to interact and carve out rules and regulations that satisfy the mandate of all parties involved, from government agencies to different stakeholder groups. The downside to fragmented authority is that groundwater use is legislated on to meet the demands of economic sectors related to consumption, like agriculture and domestic supply, so legislation oftentimes fails to address groundwater concerns related to the environment (Megdal, Gerlak, Varady, & Huang, 2014). A survey of 22 cities in the extended SW on types of supply-increase strategies (new surface water pipelines, surface water reservoirs, groundwater storage, and desalination plants) shows the favorability of different supply-increase strategies across 8 US states and 22 cities therein (Hess, et al., 2016). Of the two AZ cities surveyed, Phoenix (Maricopa Co.) does not want new surface water pipelines, but Tucson (Pima Co.) does. This represents the efficacy of fragmented authority in that different supply strategies fit municipalities of varying sizes. Moreover, the survey discusses political conflicts embedded in the logic behind different water-supply plans and strategies that could be adopted by neighboring municipalities and even states; these plans and strategies rely on preservation, environmental, and consumer logics, whose interactions with development logic serve as the basis “for political challenges to the efforts of growth coalitions to develop water-supply strategies” (Hess, et al., 2016)

Figure 1: Percent consumption of groundwater by county per day relative to total county population

The map shows percentage of domestic supply of groundwater use and total population by county for the three US states implicated in the Transboundary Aquifer Assessment Act passed by Congress in 2006. This reveals parts of states where populations rely more on groundwater than other counties. In TX, for example, there are some counties northwest in the state who rely on groundwater, but the vast majority of the state does not rely a great deal (0-1%) on groundwater. By contrast, counties in New Mexico demonstrate greater dependence on groundwater, and those counties are clustered in the center and southeast of the state. In AZ, Maricopa Co. is responsible for 28-42% of total groundwater use. The figure also shows reliance on groundwater for counties bordering Mexico. This could be useful to counties that host large metros like Maricopa Co. does the city of Phoenix. Observations of Figure 1 underlines that certain counties—and sometimes groups of counties across states (e.g., border counties between NM and TX)—rely more on groundwater than others. The preponderance of fragmented authority fits the US, since it enables local municipalities to establish their own policies on groundwater, but the increase of legal frameworks as a result ignore the impact that groundwater overdraft has on the environment.
Some consequences of groundwater overdraft include land subsidence and earth fissures. The United States Geological Survey (USGS) defines land subsidence as a “gradual settling or sudden sinking of the Earth’s surface owing to subsurface movement of earth materials” (United States Geological Survey Office of Groundwater, 2017). In his 1975 landmark study on the subject, Joseph Poland identified four causes of land subsidence, which are: due to declining water levels, hydrocompaction of soils lacking moisture, extractions from oil and gas fields, and tectonic settling (Ireland, Lofgren, Poland & Pugh, 1975). Researchers established an association between groundwater overdraft and the occurrence of land subsidence, but this sinking of the planet’s surface can grow more extreme to form earth fissures. These are “small hairline cracks in the subsurface” either along a basin’s edge or near shallow bedrock (Conway, 2016). Besides earth fissures, land subsidence can also influence natural drainage patterns and floodplains, and it also affects the matrix packing alignment, which affects hydrogeologic characteristics and results in reduced permeability and hydraulic conductivity. Compressing space within aquifers, where groundwater flows, could lead to permanent loss of groundwater storage (Conway, 2016). The occurrence of land subsidence and earth fissures coincide with counties in AZ that rely on groundwater more than others, and this could result in damaged infrastructure (subterranean pipes for water/gas) and property damage whose price is a costly exercise in mitigation.

Figure 2: Groundwater demand by county, location of cities, and recorded land subsidence and earth fissures across the state

For example, the majority of fracturing of the earth’s surface in AZ is spread across Maricopa, Pinal, and Cochise Cos., where massive amounts of groundwater are especially utilized in Maricopa Co. The occurrence of both land subsidence and earth fissures in Cochise Co. are observed in the north central and northeast portions between Cochise and Graham Cos., where the Willcox groundwater basin is located. Conway makes no mention of the SPRTA in his study. While overdraft of the Willcox groundwater basin possibly contributed to land subsidence, what is the hydrologic relationship between this basin and the SPRTA, if any? The issue, then, is not only the lack of concern for groundwater-environment interactions but also the flow of groundwater across (and possibly between) adjoining aquifers. A group of researchers created the Environmental Water Demands database for AZ in order to fill this gap in knowledge on environmental flow needs and responses as they relate to different ecosystems with varying degrees of reliance on groundwater (Lacroix, Xiu, Nadeau, Megdal, 2016). The database seeks to aid management decisions by informing them of interactions previously mentioned, which could in turn help managers understand future impacts of present decisions. However, these issues and their proposed solutions fail to reach the context of binational cooperation, where a greater degree of nuance exists for counties that border Mexico and share an aquifer with a neighboring state in Mexico.
	The need to understand groundwater use in a binational context between the US and Mexico cuts across all disciplines studying groundwater governance and use. If a relationship between the Willcox groundwater basin and the SPRTA exists, it could add greater context for land subsidence and earth fissures reported in Cochise and Graham Cos. The transboundary nature of the SPRTA serves as a point of contention, because studies of the aquifer consistently fail to incorporate data and research of the SPRTA by Mexican institutions and researchers. In fact, the lack of synthesized data and research of the SPRTA from both American and Mexican sources was listed as a limitation in the binational report on the SPRTA (Callegary, et al., 2016). Creators of the Environmental Water Demands database envision the database as a resource crucial to water management, because it would serve as a “one stop shop for identifying critical geographic and topical knowledge gaps” (Lacroix, Xiu, Nadeau, Megdal, 2016). These gaps in knowledge, however, are attributed to environmental flow rates of groundwater. This database is an important development, but it would be more beneficial to managers and researchers if the database included a reference tool to identify stakeholder preferences and different legislation governing each aquifer. This is in line with the knowledge generation and dissemination component of the groundwater sustainability index generated by a group of researchers; this generation and dissemination “helps build mutual trust among the stakeholders to achieve the goal of sustainability” (Pandey, Shrestha, Chapagain, & Kazama, 2011). Adding these could aid informed decision-making by showing all the legislation governing a single aquifer or basin, and this, in turn, could hopefully prevent the formation or worsening of land subsidence.


Figure 3: Location of farms relative to land subsidence in Cochise County

Based on  data from the USGS Estimated Use of Water in the United States County-Level Data, groundwater in Cochise Co. is mostly used for irrigation (about 215 Mgal/day), public supply (about 16 million Mgal/day), and thermoelectric power (about 4 Mgal/day). The state of Sonora, Mexico relies on groundwater largely for industrial purposes (Callegary, et al., 2016). Given the majority use of the SPRTA for agricultural and industrial purposes, is it likely this elastic response is likely to continue, until it becomes inelastic and land subsidence begins to occur in this densely populated part of Cochise Co.?
Despite observations of land subsidence, Figure 1 shows more counties (11) in NM rely on groundwater (2-14%) as opposed to AZ, where all but one county utilizes 1-14% of total gallons of groundwater used per day. This information is important to help evaluate the criteria used by the US Congress for classifying a transboundary aquifer as “priority” for research in the TAAA. The second criterion on the extent of use of a transboundary aquifer fits the Mesilla Aquifer, since it underlies groupings of NM counties with moderate to high use of groundwater relative to other counties in the state (United States Congress, 2006). It is difficult to fully understand the transboundary nature of aquifers considering the large number of dependent factors, like groundwater use and infrastructure, total population, aquifer boundaries, etc. The classification of and binational study on the SPRTA is sensible, since industrial activities in Sonora could affect water quality on the US side of the aquifer. Potential land subsidence near the San Pedro River, where a number of farms are located, serves as another good reason to study the SPRTA. 
	A larger number of NM counties may rely on the Mesilla Aquifer. As a result, large numbers of legal frameworks could have emerged on groundwater governance of the Mesilla Aquifer, which underlies a cluster of moderately to highly populated counties. It thus fulfills the first criterion for identifying priority transboundary aquifers, which is the aquifer’s proximity to areas of high population density (United States Congress, 2006). However, it is unclear to which activities groundwater contributes more among NM counties, and commentary here on the aquifer’s susceptibility to contamination, the third criterion, would amount to conjecture.

3.0 	Conclusion
Groundwater is an invisible resource that southwestern states in the US increasingly rely on to meet all water demands. However, it eludes some portions of the Southwest, and interest in transboundary groundwater is especially neglected, considering few binational agreements managing transboundary aquifers exist.
The transboundary nature of the SPRTA takes into consideration physical (extent and properties) and socio-cultural (social, economic, etc.) information, and this follows the decentralized nature of groundwater management across the US. Groundwater in Cochise Co., which is situated above the SPRTA, is used mostly to serve the Fort Huachuca military base and also for domestic and agricultural purposes. Some instances of land subsidence and earth fissures have been documented in the central and northern parts of the county and are displayed in Figures 2 and 3.
The transboundary nature of aquifers, especially the SPRTA, is inextricably tied to groundwater governance and management. Governance of these resources is characterized by fragmented authority across the US, for which decentralized management is a feature. This fragmentation was demonstrated from the literature review, where Megdal and others characterized groundwater governance across the US as fragmented (Megdal, Gerlak, Huang, & Varady, 2014). Other researchers have also classified boundary organizations that govern groundwater as resembling fragmented authority (Larson, White, Gober, & Wutich, 2015). In the analysis section, fragmented authority governing groundwater was shown to be beneficial to local municipalities, when setting their own water agendas. However, this characterization results in multiple legal frameworks and challenges binational cooperation. Additional studies (e.g. Megdal et al., 2014; Larson et al., 2015) further support the characterization of authority over groundwater as fragmented.
On stakeholder engagement, researchers strongly favor a co-production of knowledge among different constituencies. The creation of AMAs in AZ is an example of stakeholder engagement (Hess et al., 2016), and while technical workshops and public conferences on AMAs were held to build rapport and cooperation among constituencies, this exercise in stakeholder engagement oftentimes fails to address needs of ecosystems that also depend on groundwater (Hess et al., 2016).
Groundwater in three southwestern states (AZ, NM, TX) was analyzed by county for percentage use of groundwater and total populations in addition to discussions on fragmented authority and multiple legal frameworks related to governance and management of aquifers. In this analysis, some discussion focused on overdraft of groundwater past a threshold in which clay and rock layers become inelastic and cause land subsidence and earth fissures. Cochise Co., where the SPRTA is located, uses little groundwater compared to Maricopa Co., but it is nonetheless classified as a priority transboundary aquifer by the US government. The broad stretch of documented land subsidence and earth fissures across three counties (Maricopa, Pinal, Cochise) is more an indication of dependence on rather than use of groundwater. In total, analysis drew attention to important elements related to the SPRTA for future research, which include observations on the Mesilla aquifer [Appendix].

The SPRTA is correctly classified “priority” for research, because it met all criteria for evaluating transboundary aquifers under the TAAA. Its transboundary nature is appropriate as a preliminary binational study, since it only underlies Cochise Co. and its transboundary nature is less complex than other priority transboundary aquifers. The SPRTA binational study was an exercise in cooperating on research and developing databases for use by both countries. Cochise Co. There are, however, local issues the TAAA does not consider in its selection of transboundary aquifers for research.
While no study links groundwater overdraft of the SPRTA to land subsidence or earth fissures in southwestern Cochise Co., those issues are nevertheless endemic to the central and northeastern portions of the county. Land subsidence also reaches into Hidalgo Co., NM, based on Figures 1 and 3, and Hidalgo Co. accounts for just 1% of total groundwater use per day in NM. US states must also cooperate on groundwater research and use. The Willcox aquifer, to which overdraft and land subsidence have been associated, also has a transboundary nature that has been underrepresented in the literature. Given this observation, TAAA criteria should also include consideration of land subsidence and earth fissures, which should include evaluating the potential or extent of development of both; broad classifications could be based on length or depth of event.
A number of contradictions arise in regulatory frameworks—from fragmentation to accurate records of groundwater use and overdraft—that are crucial to binational studies of transboundary aquifers. Fragmented governance over groundwater may aid local municipalities in setting their own water agendas, but it may also ignore the ecological consequences involved. By comparison, the US Congress, in assigning priority status to transboundary aquifers, ignored the scope of groundwater reliance by state. More counties in NM generally rely on groundwater than counties in either AZ or TX. NM counties may be less densely populated, but their reliance on groundwater from the Mesilla aquifer underlines the significance of this resource to the general NM population. By contrast, the majority of groundwater in AZ is utilized by just one county (Maricopa Co.). The Mesilla aquifer underlies Dona Ana Co. in NM and El Paso Co. in TX, and of these two, the binational report would be of more importance to Dona Ana Co., since El Paso utilizes less groundwater. Additionally, the Mesilla aquifer would be an exercise in following the different types of frameworks established during the SPRTA binational report, but it remains to be seen whether the presence of El Paso Co. (TX) would be a challenge to the framework and future legislation, given its relatively negligible dependence on groundwater. Considering these factors, the transboundary nature of the Mesilla aquifer would be an important study for the IBWC and US and Mexican national governments to conduct, and it would help inform the literature on fragmented authority and legal frameworks established under the SPRTA.

APPENDIX: LISTED TRANSBOUNDARY AQUIFERS UNDER TAAA

Figure 4: All priority transboundary aquifers identified under the Transboundary Aquifer Assessment Act
Source: Transboundary Aquifer Assessment Program, Water Resources Research Center, The University of Arizona.
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